Digital microfluidics (DMF) is a droplet-based liquid-handling technology that has recently become popular for cell culture and analysis. In DMF, picoliter-to microliter-sized droplets are manipulated on a planar surface using electric fields, thus enabling software-reconfigurable operations on individual droplets, such as move, merge, split, and dispense from reservoirs. Using this technique, multistep cell-based processes can be carried out using simple and compact instrumentation, making DMF an attractive platform for eventual integration into routine biology workflows. In this review, we summarize the state-of-the-art in DMF cell culture, and describe design considerations, types of DMF cell culture, and cell-based applications of DMF.
INTRODUCTION
The increasing demands of biological research and drug discovery have led to the development of liquid-handling robotics that can be used for automated cell culture and analysis (1) . These systems solve two problems: (a) They enable a massive increase in parallel analyses for high-throughput applications, and (b) they offer relief from the tedium of the never-ending steps required to culture cells (seed, feed, wash, passage, repeat, etc.). But robotic liquid handlers are not a panacea for all applications, and, in fact, the high capital costs, large volumes of reagent consumed, and high turnover of consumables make them cost-prohibitive in many settings. This is problematic even in the pharmaceutical industry, which is currently facing significant challenges related to the unsustainable costs of research and development (2, 3) . This is one motivation for the development of microfluidic cell-culture platforms that have the capability to manipulate fluids at the nanoliter scale (4, 5) . Although most microfluidic methods cannot match the throughput of robotic handlers, they certainly hold promise for providing relief from the tedium of processing. The past two decades have seen the development of a wide range of diverse microfluidic technologies, including continuous fluid flow in enclosed microchannels, immiscible droplets manipulated in enclosed microchannels, and the digital microfluidic manipulation of droplets on planar surfaces. Each of these formats has its own advantages and disadvantages (6); here we focus on digital microfluidics (DMF) (7, 8) , which has only recently become popular for cell culture and analysis.
In DMF, samples and reagents are manipulated as discrete picoliter-to microliter-sized droplets on a hydrophobic surface. The most common DMF systems actuate droplets through the application of electrical potentials on a generic (m × n) array of insulated electrodes (Figure 1a) . The generic geometry and simple actuation scheme allow users to adopt a programming approach to microfluidics, calling a series of functions comprising various combinations of metering from reservoirs, splitting, merging, and mixing (Figure 1b-d ) in any number or order. There are also alternative electrode-less DMF actuation modalities that are driven by optical, magnetic, thermocapillary, and surface acoustic-wave forces (8) , but the focus here is on the most common format-that is, devices relying on electrostatic forces to move droplets on arrays of electrodes.
Like the microfluidic formats that rely on microchannels, DMF benefits from small fluid volumes, the rapid transfer of heat and gas, a high capacity for parallelization and automation, and Oil-filled configuration straightforward integration with existing analytical techniques (9) . However, unlike channel-based formats, fluid manipulation in DMF does not require networks of channels, pumps, valves, or mechanical mixers. Thus, elaborate multistep applications involving cells can be performed with simple and compact instrumentation, making it an attractive platform for eventual integration into routine biology workflows. In this review, we summarize the state-of-the-art in DMF cell culture, and focus particularly on DMF design considerations, types of DMF cell culture, and DMF cell-based applications.
DESIGN CONSIDERATIONS
Various techniques have been developed to make DMF compatible with techniques for culturing cells and small organisms. In this section, we discuss methods for preventing protein adsorption and ensuring biocompatibility of device and on-chip reagents.
Preventing Protein Adsorption
The most versatile and prevalent format for DMF devices is the two-plate configuration, in which droplets are sandwiched between two parallel substrates patterned with electrodes ( Figure 1a) . Typically, the bottom plate houses an array of actuation electrodes (of any conductive material) covered by an insulating dielectric layer [e.g., parylene C, silicon nitride, polydimethylsiloxane (PDMS), or SU-8]. These electrodes are referenced to a continuous ground electrode in the top plate made from indium tin oxide (ITO), an optically transparent conductive material. Spacers are used to separate the top and bottom plates, resulting in a fixed gap between them. Critically, both plates are coated with a fluorinated hydrophobic coating [e.g., Teflon AF (DuPont, Wilmington, DE), Cytop (Asahi Glass, Tokyo, Japan), or FluoroPel (Cytonix, Beltsville, MD)] to minimize the friction experienced by aqueous droplets during actuation. By applying a sequence of preprogrammed voltages (Figure 1b) , this configuration affords a wide range of droplet operations, including metering droplets from reservoirs, splitting (Figure 1c) , merging (Figure 1d ), and mixing (10) . Unfortunately, the necessity of using a hydrophobic layer makes it challenging to move droplets that contain proteins. When proteins in aqueous solution encounter a hydrophobic solid surface, it is often thermodynamically favorable for the proteins to become immobilized on the surface via hydrophobic interactions (11, 12) . As such, any contact between the liquid droplet and the hydrophobic surface will promote protein adsorption, causing the surface to become hydrophilic. When this happens to a sufficient degree, droplet transport is impeded. For example, the maximum movable concentration of bovine serum albumin (BSA) in a two-plate device (operated in air) is a mere 0.005 mg/mL (13, 14) . This low concentration is not adequate for most cell-culture applications, which often require growth media containing protein concentrations that are at least 3 orders of magnitude higher (i.e., 5 mg/mL or greater). To enable transport of increased concentrations of proteins (up to 10 mg/mL BSA), Freire & Tanner (15) developed a device with modified geometry that pulls the droplet away from the surface. This field-dewetting configuration does not support all of the essential fluidic operations, such as droplet splitting or metering droplets from reservoirs (10), but it may be useful for some simple cell-based applications.
To operate DMF devices without sacrificing the capability to perform essential droplet operations, the two most effective techniques used to prevent protein adsorption involve (a) encapsulating droplets in a nonconductive, immiscible liquid, or (b) doping additives into the aqueous droplets themselves. In the first method, devices are filled with a low-viscosity fluid (typically silicone oil); in this configuration (Figure 1e, left) , droplets (which must be immiscible with the filler) are encapsulated by a film, which prevents them from directly contacting the hydrophobic surface. Using this approach, Srinivasan et al. (16) demonstrated successful manipulation of various protein-rich droplets from physiological sources, including whole blood, serum, plasma, urine, saliva, sweat, and tears. In general, the stability of the oil film around each droplet decreases with increasing protein concentration because of the decrease in liquid-oil interfacial tension. To enhance the stability of the oil film, a lipophilic surfactant such as Triton X-15 (Dow Chemical, Midland, MI) can be added to the oil to further decrease its surface tension, and, therefore, increase the liquid-oil interfacial tension. Pollack et al. (17) demonstrated that this strategy enables reliable manipulation of droplets containing up to 75 mg/mL of lysozyme. In addition to preventing protein adsorption, the oil-filled configuration has many other advantages, including low actuation voltage and minimal droplet evaporation (which is particularly useful for applications requiring high temperatures, e.g., polymerase chain reaction). Conversely, the presence of oil imposes a viscous drag on the droplet, which can increase the power required (18) and limit the speed of droplet movement. Indeed, if a droplet moves too fast through the oil phase, the droplet may inadvertently split or fragment. To address these and other limitations, Bassard et al. (19) developed a hybrid technique, in which aqueous droplets are encapsulated in a thin oil shell and transported on a device that is predominantly filled with air (Figure 1e, middle) . This aqueous-oil core-shell configuration supports all fundamental droplet operations while lowering viscous drag and eliminating the fabrication and packaging required to confine a large pool of silicone oil in the device. Because of its low volatility, silicone-oil fillers may be incompatible with applications that require in situ drying of droplets (e.g., to isolate proteins for crystallization experiments or for dissolution in a different solvent). To circumvent this problem, Fan et al. (20) developed a technique to remove the oil in a core-shell droplet by bringing the droplet into a reservoir of hexane. After the oil has been dissolved in hexane, the droplet is moved out of the reservoir and the remnant hexane is rapidly evaporated, leaving behind the bare aqueous droplet. As an alternative, Aijian et al. (21) used fluorinated fluids (instead of silicone oil) to generate the core-shell droplet configuration. Because fluorinated liquids are predominantly immiscible with aqueous (and organic) solvents and are relatively volatile, they can facilitate droplet movement and subsequently be removed by evaporation at room temperature, enabling users to deliberately dry or crystallize samples as needed.
In the second class of techniques, an additive is included in the droplet composition to prevent proteins from interacting with the surface (Figure 1e, right) . For example, Perry et al. (22, 23) used graphene oxide (GO) additives to enable the movement of droplets containing up to 0.26 mg/mL of BSA in oil-free devices. The GO molecules act as nanosponges for proteins: If the concentration of GO is at least double that of BSA, then there will be sufficient GO to bind the proteins in solution, thus preventing them from adsorbing onto the device's surface. However, there is no indication whether proteins can be released from GO after transport. The most well-established additive for preventing protein adsorption in DMF is Pluronic (BASF, Ludwigshafen, Germany). This family of triblock copolymers is formed from a relatively hydrophobic poly(propylene oxide) (PPO) chain flanked by two relatively hydrophilic poly(ethylene oxide) (PEO) chains (PEO-PPO-PEO). Amphiphilic molecules (bearing both hydrophobic and hydrophilic residues) are known to reduce protein and cell adsorption to hydrophobic surfaces; in the many different varieties of Pluronic, this property is tuned by varying the lengths of the PPO and PEO components (24) . Adding low concentrations (0.08%) of Pluronic F127 (with PEO-PPO-PEO average chain length of 100/65/100), Luk et al. (13) demonstrated movement of droplets containing up to 50 mg/mL of BSA in oil-free devices. In a more systematic study, Au et al. (25) tested a series of eight Pluronic surfactants using cell-culture media containing 10% bovine serum as a model fluid. Consistent with previous observations (24) , the authors observed that Pluronics with longer hydrophobic PPO chains are better at reducing protein adsorption during droplet movement. Specifically, Pluronics with fewer than 30 PPO units (F38, L35, and L44) fail to enable the translation of droplets containing 10% fetal bovine serum, but Pluronics with more than 30 PPO units (F68, L64, L62, L92, and P105) support movement for hundreds of droplet operations.
To exploit the benefits of multiple approaches, some groups have implemented more than one technique in a device. For example, Vergauwe et al. (26) and Li et al. (27) employed both an oil coreshell configuration and Pluronic additives to culture, respectively, cells and embryos. Similarly, Sarvothaman et al. (28) combined Pluronic additives with a new type of amphiphilic, fluorinated device coating to facilitate extremely long-lived cell culture media droplet manipulation. The choice of method (or methods) used for preventing protein adsorption depends on the application and the biocompatibility of the approach (as described in Section 2.2).
Biocompatibility
As is the case for other, more established in vitro culture systems, in order for DMF to be useful, it must be biocompatible with the cells and organisms being studied. In particular, the methods for preventing protein adsorption (described in Section 2.1), and the electrical and mechanical effects of the droplet actuation process must have negligible effects on cell and organism phenotype.
As described in Section 2.1, preventing protein adsorption requires the use of reagent additives that are water soluble (Pluronics and graphene oxide) or filler fluids that are immiscible (fluorinated liquids and silicone oils). Ideally, the effects of these reagents on cell health should be evaluated in a well plate (or other non-DMF) format so that the potential cytotoxicity of each reagent can be decoupled from the effects of droplet manipulation. A major question about water-soluble additives is whether they have the potential to interact with cells, which could be toxic or cause unintentional cellular stimulation or inhibition. Pluronics are known to be particularly gentle additives, and some commercial, mammalian-cell media formulations include Pluronics as a constituent (29) . But not all Pluronics are biocompatible; Au et al. (25) investigated the effects of culturing Chinese hamster ovary (CHO) cells in well plates in the presence of five Pluronic species that have at least 30 PPO units (which is required for droplet movement). Interestingly, the authors found that the nontoxic Pluronic species (F68 and P105) had at least 50% PEO content, and, therefore, had higher values of hydrophilic-lipophilic balance (HLB) compared with their toxic counterparts (L62, L64, and L92). The authors speculated that the Pluronics with lower HLB values, which were found to be toxic, are more likely to interact with phospholipid bilayers, and, thereby, disrupt the integrity of the cell membrane. From these observations, the authors postulated that Pluronics with high PEO content and long PPO chain lengths, such as F88 and F108 (not tested in the original study), would also be good candidates for DMF cell-based assays. In later work, the same authors (30) demonstrated that F88 is indeed suitable for coculture of hepatocyte and fibroblast cell lines in a DMF system. Table 1 summarizes the properties of various Pluronic additives and the empirical reports of their suitability for culture-media transport, cell culture, or both. The alternative to Pluronic additives, GO, is likely incompatible with applications involving cells. In a recent study, Wang et al. (31) found that GO is toxic to human fibroblasts. For example, if more than 50 μg/mL of GO is cultured with human fibroblasts, the cells exhibit cytotoxic phenotypes, including a decrease in cell adhesion and the induction of apoptosis. Because a ratio of GO to BSA greater than 2 is required for droplet movement (22) , the GO concentration required to move cell media is at least 200 times higher than a toxic dose.
The alternative to using solution additives to reduce biofouling is to use immiscible filler fluids. Since the filler does not interact with the cells directly, two different problems for cell culture may arise (32): (a) the encapsulation of a droplet may restrict gas exchange, and (b) proteins and small molecules in the culture medium may partition into the oil phase, removing the essential nutrients required for cell viability. Nonetheless, the use of immiscible fillers is promising because some fluorinated liquids and silicone oils are biocompatible with endothelial cells and are used in vitreoretinal surgery (33) . In addition, silicone oil has been used in cell (34) and embryo (35) culture systems to prevent evaporation and preserve sterility. Accordingly, several groups (26, 27, 36, 37) have used silicone oil for cell-based applications in DMF without reported toxicity (although no specific studies have been done to verify these effects).
The primary biocompatibility concerns for DMF cell culture are the potential effects on cell health of the applied electric field and the potential current flow that is associated with droplet manipulation. In a typical DMF system, a direct current (DC) or low-frequency alternating current (AC) voltage in the range of 80-140 V rms is applied to the actuation electrodes. Since the electrodes are insulated by a dielectric layer, and cell-culture medium is conductive, the electric fields in the droplets are very weak (38) . Indeed, according to numerical simulations (39), the voltage drop across a droplet on a device with standard dimensions is in range of nanovolts (10 −9 V) for an applied voltage of 100 V DC. Similarly, because of the insulated electrodes, the current flowing through the device is often quite low (40) . However, this should be verified on a case-by-case basis because the current flowing through the device is highly dependent on the operating conditions. In particular, the current in a device is affected by the driving voltage, the driving frequency, and the area of the electrode that is covered by a droplet (41) . Consequently, a combination of high voltage, high frequency, and large electrode area may be sufficient to induce heating, as has been reported for the related technique of liquid dielectrophoresis (38) . Nevertheless, using normal operating conditions, many researchers (26, 30, 36, 39, (42) (43) (44) have used live/dead assays to determine that DMF actuation does not affect apparent cell viability. In addition, algae, bacteria, yeast, and mammalian cells have been cultured in DMF systems and found to have similar proliferation rates when compared with macroscale culture systems (39, 42) .
Although viability and proliferation assays are a useful first step, they are fairly crude end-point indicators of cell health and fitness. A more comprehensive analysis was carried out by Au et al. (45) , who used cells expressing stress reporters tagged with green fluorescent protein, single-cell comet assays for DNA damage, and DNA microarrays for transcriptional profiling to test for subtle effects on cell health in DMF devices. To establish the boundaries of the system, a range of different operating conditions were evaluated that varied the driving voltage and frequency, electrode size, and actuation time. Most DMF operating conditions tested, including those that have been commonly reported in the literature, resulted in negligible effects on cell stress or transcription. However, for devices operated using a combination of high driving frequency (18 kHz), large driving electrodes (10 mm × 10 mm), and long actuation time (15 minutes), significant damage to DNA integrity and differential transcriptional regulation were observed. Interestingly, for this detrimental (and atypical) condition, the authors observed significant heating in the droplet, with temperatures up to 56
• C. Thus, to ensure the biocompatibility of DMF for cell-based applications, the authors recommended using standard conditions, including modest driving frequencies (≤10 kHz) and electrode sizes (≤5 mm). Table 2 summarizes the DMF operating conditions that have been reported to be compatible with particular cells and organisms.
There is no evidence to suggest that DMF actuation under normal conditions is detrimental to cell health. However, any untested cell type should be evaluated against conventional macroscale formats to ensure that similar phenotypes are maintained; the breadth and depth of such assessments will depend on the application.
TYPES OF CELL CULTURE
Traditional cell-culture methods rely on cell-culture flasks and microtiter well plates. When robotic handlers are not available, reagents and cell suspensions must be individually pipetted, which is time consuming and labor intensive. In addition, these formats require relatively large volumes of reagents, which can impose a limit on the number of experiments that can be performed. DMF has the potential to address these and other challenges commonly encountered in traditional cell-culture methods. In this section, we discuss cell-culture implementations in DMF, including suspension cultures, two-dimensional (2D) cultures on planar substrates, and three-dimensional (3D) cultures in hydrogels.
Suspension Culture
DMF is, at heart, a technique that is used to manipulate droplets of liquid, so it is well suited for cells that grow while suspended in liquid culture medium. Hence, no modification is required to manipulate suspended mammalian cells and other microorganisms that are commonly cultured in suspension (e.g., bacteria, algae, yeast). As described in Section 4.1, cells suspended inside droplets may be further sorted or manipulated by the use of electrical, optical, or magnetic forces.
The first demonstration of mammalian suspension-cell manipulation in DMF was reported by Zhou et al. (36) . Using a silicone-oil-filled device, the authors demonstrated that droplets containing human fetal osteoblast suspensions could be moved for 2 hours at 60 V without any observable effects on cell viability. The first mammalian cell-based assay implemented by DMF was demonstrated by Barbulovic-Nad et al. (39) . With the help of a Pluronic additive, the authors carried out a toxicology-screening assay, in which droplets carrying Jurkat T cells were merged with droplets containing different concentrations of Tween 20, which is lethal to cells, and these droplets were then merged again with droplets carrying viability dyes to generate dose-response curves. The DMF assay was not only more sensitive than an identical one performed in a 384-well plate but it also reduced reagent consumption by 30-fold.
In a more recent example, Park et al. (46) exploited the versatility of DMF to characterize various cryoprotective agent mixtures. In this work, the authors used DMF to prepare droplets containing various ratios of dimethyl sulfoxide (DMSO) to phosphate-buffered saline (PBS) in Table 2 mixtures with or without cells. After subjecting the droplets to freezing and thawing, the droplets were further mixed with dyes (Hoechst and propidium iodide) to assess post-thaw viability. In an example of a multicellular model, Li et al. (27) used DMF to manipulate mouse embryos. After on-chip culturing for 72 hours, the authors observed that the rate of blastocyst formation was similar to that of embryos cultivated in petri dishes. The first demonstration of DMF for applications involving nonmammalian cells was reported by Son & Garrell (47) . The authors used DMF to move yeast cells (Saccharomyces cerevisiae) and zebrafish embryos (Danio rerio) suspended in droplets. Not only did both organisms remain viable after transport, they were also able to develop normally after being removed from the device (Figure 2a,b) . Furthermore, the authors demonstrated the ability to perform on-chip dechorionation by mixing a droplet of digestive reagent with a droplet containing the embryo. Longer periods of microorganism culture were demonstrated by Au et al. (42) , who developed a DMF-based microscale bioreactor for culturing bacteria, algae, and yeast. These microorganisms were grown in droplets on-chip for up to 5 days, with automated, semicontinuous mixing and temperature control. Cell densities were determined by measuring absorbances through transparent regions of the devices (Figure 2c, left) . Growth profiles generated in the DMF device were comparable to those generated in macroscale systems (Figure 2c, right) . As a proof of principle, the authors carried out a toxicity screen on yeast cells and performed bacterial transformation with a fluorescent reporter gene. Very recently (48), a "droplet-to-digital" platform was developed in which individual yeast cells were isolated into droplets in microchannels, followed by delivery to a DMF platform for long-term culture and metabolite production.
Two-Dimensional Culture
Most mammalian cell types, with the exception of blood cells and a few others, are adherentthat is, they require a suitable surface for attachment and proliferation. Despite this fact, the culturing of adherent cells has only recently been implemented in DMF systems, the first being reported in 2010 (49) . One reason for this is the requirement that the device's architecture must be modified because the hydrophobic coatings used in DMF are incompatible with cell attachment and growth. To address this challenge, several patternable surface-modification techniques have been developed for performing adherent cell culture in DMF, including protein spotting, stenciled plasma etching and liftoff, and fluorocarbon liftoff.
The most straightforward method for forming patterns favorable for adherent cell growth is to spot extracellular matrix proteins (50) onto the hydrophobic surface of the device. This method was used by Barbulovic-Nad et al. (49) to develop a DMF platform capable of implementing all of the steps required for adherent mammalian cell culture and passaging: cell seeding, growth, detachment, and reseeding on a fresh surface. The adhesion pads were formed by spotting fibronectin solutions on the bottom plate of the DMF device using a pipette. The introduction of adhesion pads resulted in a useful fluidic phenomenon, termed passive dispensing. In passive dispensing, as a droplet is translated (on a surface that is primarily hydrophobic) across a hydrophilic site, a portion of the droplet is pinned to the pad, forming a subdroplet. This technique has been exploited to seed cells, exchange media on cells grown on adhesion pads, deliver reagents to detach cells, and transport a portion of the detached cells to a new adhesion pad for subculture. Using this approach, various immortalized cell lines (CHO-K1, NIH-3T3, HeLa, and INS-1) were cultured in multiple passages for up to 2 weeks, and had proliferation rates comparable to those found using conventional tissue-culture methods.
The manual spotting of protein onto unpatterned Teflon AF was a useful first step in developing adherent cell cultures, but the spots that are produced in this manner are relatively large (1 × 1 mm) and suffer from irreproducible size, shape, and density (50, 51 In the surface-modification methods described above, the adhesion pads are formed on the bottom plate. From a practical standpoint, this format complicates the device-fabrication process and runs the risk of compromising the integrity of the hydrophobic coating (44) or the dielectric layer, or both. To circumvent this challenge, Eydelnant et al. (51) developed a fluorocarbon liftoff method for the top plate similar to the one described previously by Malic et al. (52) for other applications. This method can be used to form exposed, micron-dimension windows of bare ITO on an otherwise Teflon AF-coated surface. Briefly, the method comprises three steps: (a) using photolithography, islands of photoresist are patterned on an ITO substrate; (b) Teflon AF is spincoated onto the substrate and then baked; and (c) the buried photoresist undergoes liftoff in acetone, and the substrate is then baked. Devices formed using the top-plate liftoff technique are suitable for cell culture without the addition of biomolecules or proteins (53) . But because the sites are located on the top plate, the subdroplets generated by passive dispensing, termed virtual microwells, can be flexibly positioned over the array of driving electrodes without interfering with bottomplate fabrication or geometry. monolayer cell culture of MDCK and HeLa cell lines that had similar morphology and growth rates relative to cells grown on well plates. Further, in a direct comparison with the bottom-plate protein-spotting method (described above), the top-plate liftoff spots are superior to bottom-plate fibronectin adhesion pads in terms of cell attachment and reproducibility. Ng et al. (54) recently used top-plate fluorocarbon liftoff spots as an integral part of a new method called DISC, or digital microfluidic immunocytochemistry in single cells. DISC was used to evaluate receptor-mediated cell-signaling processes in >100,000 individual cells, at much higher time resolution (e.g., with 3-s pulses of stimulant) than is possible for conventional methods.
The fluorocarbon liftoff technique described above, in which cells adhere and proliferate on exposed ITO, is particularly useful because the ITO is conductive, and can be used for electrical sensing. Shih et al. (55) developed an impedance-sensing method for measuring the density of adherent cells grown in virtual microwells on top plates (Figure 2d ) , with limits of detection of approximately 20-25 cells/mm 2 . To validate this technique, the authors tracked the growth of three cell types (NIH-3T3, HeLa, and CHO-K1) for 4 days (Figure 2e ) and investigated the effects of culturing cells in serum-starved conditions. With a nearly 1,000-fold reduction in reagent use relative to commercial alternatives and with smart droplet control (56) , this cell platform couples long-term cell culture with label-free sensing, and may be useful for a wide range of assays that use the cell-proliferation rate as a readout (e.g., toxicity screening).
Three-Dimensional Culture
Although 2D cell culture is still the method of choice for research laboratories and the pharmaceutical industry, cell culture in 3D is quickly gaining popularity because it has the potential to better recapitulate in vivo environments. The concept of 3D cell culture in DMF was first demonstrated by Fiddes et al. (43) , who cultured NIH-3T3 cells in hydrogel discs for up to 7 days. To form each hydrogel disc, a mixture of sol-phase agarose and cell suspension was pipetted onto the bottom plate of a DMF device. Upon assembling the top plate, the sol-phase mixture was subjected to cold temperature (near 4
• C) to facilitate gelation of the agarose. The resulting discs (containing cells) were held in place by the adhesion and static friction forces of the top and bottom plates, which facilitated media and reagent exchange by passive dispensing. Building on this method, Eydelnant et al. (57) used virtual microwells and passive dispensing to achieve microgel formation on demand. To form each microgel, a mixture of sol-phase Geltrex (Life Technologies, Carlsbad, CA) and MDCK cell suspension (at 4
• C) is transported across a hydrophilic site, forming a passively dispensed virtual microwell. As the temperature is increased, the sol-phase subdroplet crosslinks to form a pillar-shaped hydrogel. This technique is automated and versatile, allowing the formation of gels of different shapes or matrix composition, or both, as well as arrays of combinatorial gels with varying mixtures of matrix or cells (Figure 2f ). Using this method, MDCK cells can be seeded with high viability (>80%) throughout each microgel in the z axis (Figure 2g, top) . After 4 days of culture, hollow spheroids can be observed (Figure 2g, bottom) , recapitulating 3D growth morphology. Unlike traditional liquid-handling methods (i.e., manual or robotic pipetting in 96-well plates), DMF manipulation of cells in hydrogel pillars was found to be particularly gentle: The spheroid structure remains intact during washing and reagent exchange. Free-floating 3D cell constructs (not constricted to pillars) have also recently been demonstrated to be compatible with DMF (30, 58) , as well as methods for forming chemically crosslinked hydrogels for 3D cell culture (59) . These examples suggest that DMF may be a useful platform for automated development and screening of 3D-engineered tissues.
CELL-BASED APPLICATIONS
Because DMF cell culture is still a relatively nascent field, the number of true cellular applications in DMF is limited. As described in the preceding sections, most work has focused on establishing device biocompatibility or demonstrating proofs of principle. In this section, we discuss the most mature examples of DMF cell-based applications, which fall into three broad categories: cell sorting, toxicity screens, and functional assays.
Cell Sorting
Cell purification and sorting are critical steps in assays that study a specific subpopulation of cells. Electrical, optical, and magnetically induced forces have been employed in DMF devices to manipulate and sort cells within droplets. As an example of the method of using electrical forces, Fan et al. (37) used dielectrophoresis (DEP) to manipulate neuroblastoma cells inside a droplet. By applying the appropriate voltage and frequency (up to 2 MHz), DEP forces were generated, causing cells to accumulate preferentially in one side of a droplet. The droplet was then split into two subdroplets such that one subdroplet contained a mixture of cells at high density. Other electrically driven methods used for sorting particles in droplets in DMF include electrophoresis (60), traveling-wave dielectrophoresis (61), and negative dielectrophoresis (62).
Shah et al. (63) provided an example of using optical forces to sort cells in droplets manipulated by DMF. These authors developed an integrated DMF lateral-field optoelectronic tweezer device. When an optical pattern is projected onto a photoconductive layer, cells can be manipulated by the optoelectronic tweezer effect. Using this technique, the authors concentrated HeLa cells on one side of a droplet, allowing for the generation of a high-density subdroplet, similar to the DEP application described by Fan et al. (37) . In related work, Valley et al. (64) developed a unified optoelectronic platform that can simultaneously actuate droplets and manipulate particles within droplets using light (i.e., optoelectrowetting and optoelectronic tweezers). Remarkably, the authors were able to select a single HeLa cell of interest from a population of cells and isolate it into its own subdroplet (Figure 3a) . Shah et al. (65) provided an example of using magnetic forces to manipulate cells within droplets on DMF devices. These authors developed a system in which a droplet containing anti-CD8-conjugated magnetic beads was merged with a droplet containing a mixture of CD8 + and CD8 − T lymphocyte cells. In the pooled droplet, the CD8 + cells selectively bound to the magnetic beads and an external magnet was used to purify these cells from the unbound cells. Using this technique, the authors demonstrated that the CD8 + cells bind very efficiently to the beads (approximately 92% were bound) and that 35% of the CD8 − cells can be depleted in one step. It is likely that even higher depletion rates may be possible if this process is coupled with more efficient washing procedures (32) . This method of cell purification is particularly attractive because it is straightforward to implement and can be used to collect any cell type that can be tagged with an antibody. Since magnetic-bead cell purification is commonly performed in the macroscale, many commercial sources of beads and antibodies are available.
Toxicity Screens
Cell-viability assays, in the form of staining with calcein AM (to identify live cells) and ethidium homodimer-1 or propidium iodide (to identify dead cells), are the assays most commonly performed using DMF (26, 30, 36, 39, (42) (43) (44) 46) . However, these are nonspecific assays that rely ii Magnet either on intracellular enzymatic activity (e.g., esterase) or membrane-integrity status. Thus, any cytotoxic events that do not affect these properties may not be detected. Extending on these simple viability assays, Bogojevic et al. (66) developed a DMF method for evaluating apoptosis. This was implemented using a fluorogenic substrate for caspase-3, an apoptosis marker that is a popular target for the discovery of anticancer drugs. Using DMF and virtual microwells, the authors seeded and cultured HeLa cells in parallel chambers overnight, then incubated the cells with various doses of cytotoxic agents (e.g., staurosporine), and determined the degree of apoptosis induction via caspase-3 activity. Interestingly, in a direct comparison with an equivalent well-plate method, the DMF approach had better sensitivity and dynamic range mainly because DMF manipulation is gentler than pipetting (i.e., in DMF there is less cell delamination). This work demonstrated that parallel assays of the type commonly used in the pharmaceutical industry can be performed on a DMF device. Often, drugs that seem promising when tested on adherent (2D) cells fail when tested in animal models. To meet the need for a better screening method for drug toxicity, Au et al. (30) developed a DMF-based method to screen for hepatotoxicity in 3D self-assembled spheroid aggregates (also known as organoids). These individually addressable free-floating tissue constructs were formed on-chip by mixing two cell lines, HepG2 and NIH-3T3 in collagen hydrogels. To facilitate the exchange of reagent and media, the authors fabricated SU-8 pillars [building on filtering work described previously (67)] on the bottom plate of the device to confine the organoids to predetermined locations. To evaluate the liver-like functionality of the organoids, they were assessed for viability and albumin production during a 4-day period. Subsequently, the organoids were employed in two proof-of-principle drug-screening assays. The first was a cytochrome P450 induction assay in which the liver organoids were incubated with dexamethasone to induce the expression of the cytochrome P450 isoform 3A4, with changes in enzyme activity measured using a fluorescent reporter. The authors observed that this effect could be detected only using the DMF device with 3D organoids and not in a 96-well plate format with 2D cells, suggesting that the assay is more sensitive in the DMF format. As shown in Figure 3b , the second assay was for hepatotoxicity; in this assay organoids were incubated with increasing concentrations of acetaminophen (with the dilution series formed on-chip) for 24 hours, and cells were stained for apoptosis (using a caspase-3 activity reporter) and necrosis (using ethidium homodimer-1). This work, representing the first organ-on-a-chip DMF platform, illustrated the versatility of DMF platforms as a screening tool for liver function. If widely adopted, similar methods may be viable for drug development.
Functional Assays
There are a few recent examples of DMF being used to study cellular function in a range of organisms, including protoplasts from Arabidopsis thaliana, primary cells isolated from porcine aorta, and algae (Cyclotella cryptica). In the first example, Kumar et al. (68) developed a DMF assay to magnetically entrap individual protoplasts from A. thaliana to measure the osmotic potential of plasma membranes. After labeling the protoplasts with magnetic beads in tubes, the protoplasts were loaded onto the chip to measure water permeability. With the help of a magnet, individual protoplasts were held in place while DMF was used to wash the cells with a hypo-or hypertonic solution. During this process, the cells were imaged to determine the changes in the size of the protoplast. This proof-of-principle semiautomated DMF approach produced measurements of water permeability that are consistent with values in the literature (Figure 3c) . Furthermore, the DMF technique had a substantial increase in throughput (allowing for the manipulation and analysis of up to 7 protoplasts simultaneously) over traditional methods that measure only one protoplast at a time. This work also demonstrated the ability of DMF platforms to rapidly exchange buffers on cells grown in suspension, with low shear stress during live-cell imaging (69) .
In the second example, Srigunapalan et al. (70) used DMF and virtual microwells to culture primary cells isolated from porcine aorta. Cells from three locations in the aorta (endothelial cells, valvular endothelial cells, and valvular interstitial cells) were cultured on-device for up to 1 week prior to implementing monocyte-adhesion assays. In these assays, endothelial cells that had been exposed to an inflammatory cytokine [tumor necrosis factor-α (TNF-α)] exhibited enhanced attachment to monocytes, which confirmed that primary cells cultured in this format maintained their in vivo-like phenotype (Figure 3d ). Since very small numbers of cells were needed for these assays, there was no need to perform cell expansion, a process that is particularly difficult and time consuming for sensitive slow-growing primary cells.
In the final example, Shih et al. (69) used a DMF platform to determine which conditions maximize nonpolar lipid generation in C. cryptica, an algae that has been proposed to be a useful candidate for biofuel production. While culturing the algae under different illumination conditions, the authors determined that different wavelengths of light affected both the proliferation rate and the amount of lipids produced. Specifically, blue light enhanced proliferation rates but resulted in low levels of lipid bodies in the cells, and yellow light resulted in reduced rates of proliferation but caused the generation of high levels of lipids, as shown by enlarged lipid bodies in the cells. Moreover, this lipid-accumulation effect under yellow light, which had not been reported previously, was found to correlate with increased oxidative stress (Figure 3e) . With the help of DMF, these informative screens were performed with minimal human intervention, using fewer than 20 pipette steps compared with 600 pipette steps for a comparable manual assay. This work demonstrates the utility of DMF as an automated platform for multiplexed biological assays.
CONCLUSIONS AND FUTURE OUTLOOK
In this review, we have summarized the state of the art in DMF cell culture and analysis. In just 7 years since the first report of a DMF cell-based assay [in 2008 (39) ], there have now been more than 25 peer-reviewed publications describing DMF devices used for applications related to cell and organism culture. During this period, critical design considerations, including nonspecific protein adsorption and biocompatibility, have been addressed. Likewise, proofs of principle have been demonstrated for DMF handling of cells grown in suspension, as 2D layers, and as 3D tissue-like constructs. Finally, the first applications have begun to emerge, including the ability to probe the effects of osmotic pressure in single protoplast cells and the determination of culture conditions favorable for lipid biosynthesis in algae. We are particularly enthusiastic about the use of DMF for applications involving hazardous reagents (e.g., toxins) or pathogens (e.g., Ebola virus) because the safety of such studies is vastly improved when they can be conducted using small volumes of reagents in isolated, automated systems.
Our enthusiasm for DMF cell culture does not, of course, mean that there are no challenges to be resolved. The technique is still in its infancy and is currently used in just a handful of labs around the world. For significant growth beyond these boundaries, challenges must be addressed, including improving methods for resisting the effects of biofouling (perhaps by using or developing more effective additives or fouling-resistant coatings), the fabrication of complex devices [which may be mitigated to some extent by printed electronic devices (71, 72) ], and complicated electronic control systems [which may be mitigated to some extent by open-source software and hardware platforms (73) ]. For the method to truly be useful to the life sciences community, an all-in-one integrated system must be developed to facilitate the control of humidity, temperature, and gas pressure.
Despite these challenges, we are optimistic about the future. The number of research groups using these techniques continues to grow, and the trajectory of advances during the past 7 years suggests there will be exciting new developments in the years to come. DMF offers unparalleled control over reagents, media, and cells, which suggests the possibility of interesting new studies that may not be possible using conventional techniques. DMF will certainly not solve all problems for all applications, but we propose that as the technology continues to evolve and mature, it may eventually become an important tool for research in the life sciences.
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